Abstract -The study investigated the population structure, diversity and differentiation of almost all of the ecotypes representing the African Ankole Longhorn cattle breed on the basis of morphometric (shape and size), genotypic and spatial distance data. Twentyone morphometric measurements were used to describe the morphology of 439 individuals from 11 sub-populations located in five countries around the Great Lakes region of central and eastern Africa. Additionally, 472 individuals were genotyped using 15 DNA microsatellites. Femoral length, horn length, horn circumference, rump height, body length and fore-limb circumference showed the largest differences between regions. An overall F ST index indicated that 2.7% of the total genetic variation was present among sub-populations. The least differentiation was observed between the two sub-populations of Mbarara south and Luwero in Uganda, while the highest level of differentiation was observed between the Mugamba in Burundi and Malagarasi in Tanzania. An estimated membership of four for the inferred clusters from a model-based Bayesian approach was obtained. Both analyses on distance-based and model-based methods consistently isolated the Mugamba sub-population in Burundi from the others.
INTRODUCTION
The progenitors of the present-day African Ankole Longhorn cattle can be traced back by archaeological findings to the Nile delta, to about 7000 BC, from where along with human migration, groups of humpless Longhorns are thought to have left the Lower Nile for Abyssinia towards the end of the third pre-Christian millennium [8] . They are also thought to have interbred with the Lateralhorned Zebus to produce the various Sanga cattle, which later migrated south of the Sahara towards the Great Lakes and beyond [15, 21] . Previous studies by Freeman et al. [9] and by Hanotte et al. [14] have indicated minimal recent male-mediated indicine gene introgression into the Ankole cattle populations, either through the Zenga or Bos indicus populations. Many pre-colonial kingdoms in the area are also associated with the Longhorn cattle. Various tribes, most of them from these former kingdoms, have since kept the Longhorns, albeit under different production systems and using different indigenous selection criteria. The different Longhorn cattle races mainly go by the same tribal names as their owners, and they include the Bahima cattle found in south-western half of the Cattle Corridor of Uganda, the Kigezi cattle from the south-western Ugandan highland, the Ntuuku cattle from the Lake Albert region of the Albertine Rift Valley in Uganda, the Watusi and Inkuku cattle from Rwanda, the Inyaruguru and Inyambu cattle from Burundi, the Enyambu cattle kept by the Banyambu people of north-western Tanzania, the Malagarasi Ankole ecotype kept by the pastoralists of Tutsi descent in the Malagarasi river valley of western Tanzania and the Bashi cattle kept by the Bashi people of north Kivu in DR Congo. The production systems under which the cattle were kept are described elsewhere [38] , while the ecological descriptions have been reported by Grimaud et al. and Okello et al. [12, 25] and are therefore not covered here. Traditional production systems require multipurpose animals, capable of providing a wide range of products and services. The Ankole Longhorn cattle of the Great Lakes region provide employment and are a source of income; the cattle are a form of insurance and accumulation of wealth; they have an important social and cultural role such as dowry payment as well as other intangible values [38] .
While the Ankole Longhorn cattle are multipurpose, they are also adapted to the environmental rigours of the region. They are tolerant against ticks [24] and possess a demonstrable level of resistance to theileriosis [27] . The cattle, like other indigenous breeds, can withstand severe droughts, survive on low-quality feeds and tolerate helminths to some degree [3, 11] .
Like other breeds in the region, the genetic diversity of Ankole Longhorn cattle is under threat from indiscriminate crossbreeding, breed substitution, accelerated admixture from other local breeds, epizootics, famine and civil strife, as well as from a lack of systematic breed development programmes [38] .
The aim of this study was to evaluate the morphological and genotypic differences between and among the Ankole Longhorn cattle populations, to investigate the relationship of such differences to their spatial geographic distances, and to broadly relate them to the breed's genetic variation and the breeding goals (selection preferences) of their owners, all of which have significant implications for utilisation strategies and the breed's sustainable conservation.
MATERIALS AND METHODS

Sampling
Morphometric body measurements, blood samples for microsatellite DNA analysis and satellite geographic positions were taken from 11 sub-populations of the Ankole Longhorn cattle present in five countries in the African Great Lakes region. The countries include Uganda, Rwanda, Burundi, Tanzania and the DR Congo (Fig. 1) . Morphometric measurements were taken from 439 females. Blood samples were collected from 472 animals, of which 33 were male and 439 were female. An average of four animals was sampled per herd within each sub-population, with due care taken to avoid sampling of closely related individuals. No reference animals were genotyped in this study.
An Etrex Ò global positioning system (GPS) device employing a satellite navigation system was used for the definition of the particular geographic location of the different herds that were sampled. Data were downloaded from the device and read using the ArcView and MapSource software. Data for the 66 geographic positions determined for each sampled herd included latitudes and longitudes of the locations.
Morphometric measurements
Twenty-one morphometric body measurements were taken of each animal at predefined anatomical points on the horns, head, dewlap, forequarter, barrel, hindquarters, including horn tip interval, horn base circumference, horn length, horn lower interval, head length, head width, muzzle circumference, dewlap distances, heart chest girth, height at withers, fore-arm length, fore-limb circumference (smallest circumference around the metacarpus), fore-quarter length, body length, hip width, pins width, rump height, rump length, lumbosacral angle, rump angle and femoral length. The measurements included distances (in centimetres), circumferences (in centimetres), angles (in degrees) as well as Genetic and morphological characterisation of the Ankole cattle the description of coat colour and pattern and colour of horns. The instruments used were a measuring stick (hippometer), chest band, measuring tape, an outside calliper and a digital spirit level (inclinometer).
Genotyping
Blood samples were transferred to the molecular laboratory of ILRI for genotyping. DNA was extracted following a modified phenol-chloroform extraction and ethanol precipitation [33] . Fifteen microsatellite DNA markers (ILSTS006,  INRA032, MGTG4B, TGLA122, AGLA293, ETH225, HEL001, ILSTS023,  BM2113, ETH152, ILSTS050, INRA035, CSSM66, ILSTS005, INRA005) drawn from the FAO/ISAG recommended list [17] were employed in this study (Tab. I in Appendix II). Fragment amplification was accomplished by polymerase chain reactions (PCRs) using the GeneAmp Ò PCR System 9700 thermocycler 
470
on either the basic or touch-down programs. Genotyping was done by capillary electrophoresis on the Applied Biosystems 3730 DNA Analyzer instrument. Genotypes were analysed using the GeneMapper (version 3.7) software while employing the advanced peak detection algorithm and the third order least squares (LS) method under the Microsatellite Default. Allele sizes were conveniently scored using the BINS system.
Statistical analysis
Morphological description of size
The morphological description of the variation in the traits measured among the 11 sub-populations was done using the SAS Ò general linear models (GLM) procedure [34] . Models were kept relatively simple to avoid over-parameterisation. The LS means were computed for the traits measured and a test of significance between different sub-populations was done using the Tukey-Kramer multiple comparisons method. Multivariate analyses [34] were used to investigate the morphological structure and quantify differences among the sub-populations. Stepwise discriminant analysis [39] was applied to gain information about traits particularly important in the separation of sub-populations. Additionally, canonical discriminant analysis was employed to obtain the function of all traits necessary for the separation of sub-populations. Results from the latter [36] on the squared distance matrix was used to visually portray association between the least and/or the most differentiated sub-populations.
Geometric morphometric description
In the analysis of head and body shape with methods of geometric morphometrics, distance, angular and circumference measurements were converted into a set of two-dimensional Cartesian coordinates applying simple geometric functions (sine, cosine, Pythagoras' theorem, calculation of diameters of circles from their circumference).
Geometric morphometrics, developed by Rohlf and Marcus [30] , Bookstein [6] and Adams et al. [1] , provide a set of tools to deal with the shape of specimens, while multivariate statistics on measures of distance [39] tend to distinguish sub-populations different in size.
The Procrustes analysis applied here follows several steps. First, all the landmark configurations are scaled by standardising the size to a unit centroid size, the centroid size corresponding to the square root of the sum of the squared distances between the centroid (i.e. centre of gravity of the landmarks) and each of the configured landmarks. Then, the centroids of all the landmark configurations are superimposed and translated to the origin. The landmark configurations are rotated against a consensus configuration so that the sum of the squares of the residual distances between corresponding landmarks is a minimum. Finally, the aligned landmarks undergo a series of transformations, maintaining the characteristics of shape while reducing the number of dimensions. The resulting 2n -4 relative warp scores (n being the number of landmarks) are the dependent variables in conventional multivariate statistics. MDS and cluster analysis were applied to the distance matrices, and the results of MDS proved to be more instructive in graphical presentation.
Figures 2a and 3a indicate the six landmarks of the head and the eight landmarks of the body. Two angles in the front part of the body were approximated, as they were not measured, muzzle and horn circumference were assumed to form circles; while the chest depth necessary to define landmark 8 of the body was calculated according to the literature data relating it to chest circumference [35] . Figure 2b 
Genetic characterisation
A total of 6893 successful genotypes from 15 loci and 472 individuals from 11 sub-populations were used to investigate and describe the genetic diversity of the sub-populations. Allele frequencies and number of alleles, across loci and sub-populations as well as the mean number of alleles (MNA) and allelic richness across sub-populations were estimated using the FSTAT software [10] .
Observed heterozygosity (Ho) and gene diversity were also calculated across loci and sub-populations using the Excel Microsatellite Toolkit. Tests for deviation from the Hardy-Weinberg equilibrium across loci and populations as well as the estimation of the unbiased P-value using the Markov chain Monte Carlo (MCMC) algorithm according to Guo and Thompson [13] were computed with the GENEPOP program [29] . Wright's F IS index values [37] were computed to assess the closeness of each sub-population to random breeding conditions, and tests of significance at 5% indicative adjusted nominal level were done using the FSTAT program [10] with 165 000 randomisations. The molecular genetic relationship was explored by way of pairwise comparisons of Nei's DA distances [23] between sub-populations estimated using the Dispan program [26] . Furthermore, gene differentiation (F ST index) among the sub-populations and pairwise F ST between the sub-populations were investigated following Wright's method [37] using GENETIX [4] and FSTAT software [10] . The significance of pairwise F ST estimates was tested at 5% indicative adjusted nominal level using the FSTAT program [10] with 55 000 permutations. On the basis of Nei's DA distance matrix, a dendrogram derived from the Neighbour-Joining algorithm [32] was constructed in the Dispan program [26] .
To infer population structure, individual animals were probabilistically assigned to sub-populations using Structure 2.0 [28] , which employs a modelbased Bayesian clustering approach. For ancestry, we assumed the admixture model, while for allele frequencies, we assumed a model for correlated frequencies. By these assumptions and from a pre-assigned number of clusters (K), the program, using the MCMC algorithm, computed the estimate of the natural logarithm of the posterior probability of the clusters K in the population given the observed genotypic composition G (Ln Pr(K/G)). The latter is directly proportional to the estimated natural logarithm of the probability (Pr) of the observed genotype composition (G) given a pre-assigned number of clusters (K) in the structure program data set -Ln Pr(G/K). To estimate the number of clusters in our data, we set K between 2 and 11 with 10 independent runs of the Gibbs sampler for each value of K, including a burn-in period of 10 6 iterations followed by 10 6 MCMC iterations. We used default settings in all runs, that is, an admixture model with correlated frequencies and the parameter of individual admixture alpha set to be the same for all clusters and with a uniform prior. The graphical display of the population structure was done using DISTRUCT [31] .
Geographic distances
Geographic distances were described by combining coordinate data comprising latitudes and longitudes of the individual herds sampled together with the microsatellite data set. The geographic data were converted into a spatial distance matrix, whereby all individuals of the same sub-population shared the same average spatial location. The individuals of each sub-population were treated as dependent, and the regression analysis in SPAGeDi [16] took into account pairwise comparisons between groups of individuals of a sub-population rather than individuals themselves.
Genetic and morphological characterisation of the Ankole cattle
Mantel tests
The emerging evidence of the resolution capacity of the geometric morphometrics in the study of the variation of anatomical structures [6] provides an impetus to validating patterns of geographic variation in cattle populations. This can also be done in conjunction with genetic analyses. Consequently, we performed canonical discriminant analyses to arrive at sets of Mahalanobis distances, which were then included in a series of Mantel tests [20] comparing genetic, morphometric and geographic distances using the zt program [5] .
RESULTS
Morphological description
The results obtained by SAS Ò GLM for coefficients of determination are shown in Table II in Appendix II. The 10 most important traits (horn length, thigh length, rump height, dewlaps, horn base size, fore-limb circumference, horn tip interval, heart chest girth, horn lower interval and muzzle circumference) separating sub-populations according to a stepwise discriminant analysis are presented in Table III in Appendix II, in their order of level of contribution to the discrimination of the sub-populations. Results of the canonical discriminant analysis are illustrated in Figure 4 . The first canonical variate separates three sub-populations of Uganda, namely the Mbarara north, Mbarara south and Luwero, from the rest of the sub-populations. The second variate further separates the Rukungiri sub-population of Uganda from the remaining subpopulations. The Malagarasi sub-populations of Tanzania and the Rwandan sub-population are close to each other, and the two sub-populations in Burundi are close to the DR Congo sub-population.
The Mahalanobis squared distances between sub-populations are significant (P < 0.05), except for those of three pairs between the Ugandan sub-populations of Mbarara north, Mbarara south and Luwero (Tabs. IV and V in Appendix II).
A plot of the results of MDS procedure [34] performed on the partial warps scores matrix for body shape and head shape among the sub-populations is presented in Figures 5a and 5b, respectively. 
Genetic characteristics
The characteristics of the 15 microsatellites used for this analysis are shown in Table I The relative magnitude of gene differentiation F ST estimate of 0.027 among all sub-populations was obtained, showing that genetic variation is mainly present within the sub-populations. The highest allelic richness, based on 26 individuals per sub-population, MNA and He, averaged over loci, were observed in the Kagera sub-population. The lowest values for the corresponding parameters were found in the sub-populations from Luwero, Mbarara north and Busoni. 
Genetic and morphological characterisation of the Ankole cattle
The range of the Ho was between 0.67 for Busoni and 0.74 for Mbarara north, while that of the He was between 0.72 for Busoni and 0.79 for Kagera. Nine out of the 11 sub-populations showed significant positive F IS estimates (P < 0.05), an indication of inbreeding within the herds (Tab. I).
The relationship between the sub-populations is illustrated in Figure 6 . The pairwise F ST estimates between the sub-populations are presented in Table II . Furthermore, nearly all the sub-populations differentiated significantly (P < 0.01), with the exception of three pairs between the three sub-populations of Uganda, namely the Mbarara north, Mbarara south and Luwero, the pair between the Rwandan sub-population and the Busoni sub-population in Burundi, and also the pair between the Luwero sub-population in Uganda and the DRC cattle (P < 0.05).
To correctly determine the most probable structure/composition of clusters (K) in the data set, a plot of the natural logarithm of the posterior probability of the observed genotype (G) given the assigned clusters K (Ln Pr(G/K)) in each of 10 runs was plotted against the assigned cluster K, as illustrated by the graph shown in Appendix I. The highest value of Ln Pr(G/K) for a given K is represented by a black dot in the graph. The maximisation of Ln Pr(G/K) yields the most probable structure K. It should be noted that the plot and all points form a peak at K = 4, indicating a maximum Ln Pr(G/K). Furthermore, in Figure 7 , where each individual is graphically represented by a vertical line divided into K, colour segments may be well represented by K = 4, although K = 3 might represent the sub-populations in light of other considerations as discussed below.
Spatial distances
A spatial distance matrix of pairwise comparison between the sub-populations is presented in Table VI in Appendix II. It should be noted that the sub-populations were more dispersed between latitudes than between longitudes ( Fig. 1). 
Comparison between genetic, morphometric (size and shape) and spatial distances
Genetic, geographic, linear morphometric and geometric morphometric comparisons are presented in Table III . Spatial distances were not significantly related to the pairwise F ST distances. A very close relationship was observed between body shape and body size.
DISCUSSION
The proceeding discussion (Sects. 4.1-4.3) attempts to describe the observed results of quantitative morphological analyses in relation to other patterns of variations such as spatial, genotypic and even geometric morphometric variations. Furthermore, these variation patterns are related to current and Genetic and morphological characterisation of the Ankole cattle 481 pre-current production environments of the Ankole Longhorn cattle, as well as to implications for future use, development and conservation of this resource.
Morphological description
Size morphology
The morphological variation in size traits, among the 11 sub-populations, shows that the three sub-populations from Uganda of Mbarara north, Mbarara south and Luwero had significantly larger and longer horns than cattle from other regions. The cattle from the two Mbarara sub-populations and also the Luwero sub-population were significantly the tallest at the withers and had the longest body length. They also had significantly longer rumps and femoral length. They were, however, not significantly different from the cattle of Kagera in north-western Tanzania in terms of head length, heart chest girth, hip width and rump height. These ecotypes (from central Uganda and north-western Tanzania) graze the relatively large expanses of the wooded savannahs in the lowlands of the rift valley system. Conversely, the cattle from DR Congo had the smallest heart chest girth and the shortest horns and were also significantly shorter in both rump and body length compared to almost all other populations. However, they were not significantly different from those of Mugamba in Burundi and Rukungiri in Uganda. These ecotypes are reared in the highland areas, where severe feed scarcity has been occurring increasingly over time, due to stiff competition for land with crop production as a result of rising human population densities in these regions. Under such circumstances, the larger-bodied animals, with relatively higher feed requirements, would be the first to suffer and consequently could thus have probably been progressively and systematically bred out over time in these highland production environments.
Stepwise discriminant analysis
The 10 most important traits separating regions include five each of the size and appearance measurements (i.e. horn length, horn circumference, horn tip interval, dewlap size, horn lower interval). This can, partly, be explained by the indigenous selection criteria of the different but related ethnic groups who keep the different races of the Ankole Longhorn cattle. Among the different ethnic groups in the study areas, morphological size traits and those of aesthetic value play different but equally important roles in the selection decisions made by herd owners. Indeed, aesthetic traits were highly ranked as selection criteria by the herd owners from the three central Ugandan sub-populations, as documented by Ndumu et al. [22] and Wurzinger et al. [38] .
Canonical discriminant analysis
The scatter plot from the MDS procedure (Fig. 4) , graphically illustrating the Mahalanobis squared distances, places the 11 sub-populations in the expected groupings according to their variation in morphological size. The three central Ugandan sub-populations, which showed the smallest distances in the matrix and were significantly larger in size than the other sub-populations, are scaled away from the rest of the sub-populations and grouped together. On the other hand, the smaller-sized cattle from the highlands of DR Congo, as well as Mugamba and Busoni in Burundi, are scaled away to form their own group. The intermediate-sized cattle belonging to the sub-populations of Kagera and Malagarasi in Tanzania, Rwanda and the Ugandan Lake Albert area fall into neither of the two extreme groups.
Geometric morphometric description
Body size is considered as important as body shape when describing the differentiation of sub-populations. While centroid size from geometric morphometrics is an obvious choice, we decided to perform canonical discriminant analysis and individual analyses of variance for a set of distance measures (e.g. height at withers and body length). The results from discriminant analysis were expected to be similar [2] .
Head shape represents those traits of appearance related to horn circumference, horn length and horn tip interval. The Mahalanobis head shape matrix (Tab. V in Appendix II) shows that the largest relative warp score distances are between the three central Ugandan sub-populations and the DRC cattle. In terms of magnitude, the next large distances are observed between the three central Ugandan populations and those from Busoni and Mugamba in Burundi. These pairwise distances are followed (in magnitude) by those between the three central Ugandan populations and the sub-population from the Lake Albert area in Uganda. This is in agreement with the multivariate analysis of the linear size morphometric measurements, where the three central Ugandan populations were found to be significantly different from the other populations from Burundi, Rwanda, DR Congo and also the Ugandan sub-populations from Rukungiri and the Lake Albert area.
The MDS scatter plot in Figure 5a illustrates that the Ugandan, Tanzanian and Rwandan sub-populations are separated from the rest. These differences can be further accounted for by the particular indigenous selection criteria of the herd Genetic and morphological characterisation of the Ankole cattle owners from central Uganda and north-western Tanzania, who tend to emphasise aesthetic traits more than what the cattle owners of the other sub-populations do. These findings are also consistent with the observations made by Wurzinger et al. [38] , who found that appearance-related features such as coat colour and horns were ranked highly as selection criteria mainly in the Uganda Central and Kagera areas.
Like head shape and linear morphometric analyses, the largest body shape distances were found between four out of the five Ugandan sub-populations (except Lake Albert sub-population) and the other sub-populations, i.e. the Mugamba sub-population in Burundian highlands, followed by the DR Congo cattle. It is observed that aside from the Lake Albert sub-population, the rest of the sub-populations are grouped by their similarity in selection criteria and production systems within their respective countries, as observed in the study of Wurzinger et al. [38] .
Genetic diversity
Gene differentiation analysis (F ST index) shows that only 2.7% of the total genetic variation is explained by the differences among sub-populations. This value is much lower than that observed for differences among other cattle breeds, for instance the moderate differentiation levels of multilocus F ST values of 6.0% observed among 12 African Bos indicus and Bos taurus cattle breeds [18] and 6.8% among 18 south European beef breeds [19] . A higher differentiation of 8.9% was, however, observed among beef cattle in traceability studies conducted in Italy [7] , while a much higher F ST value of 11.0% was found in the red Kandhari and Deoni cattle breeds in western India [36] . These Ankole Longhorn cattle sub-populations studied may have been separated for only a fewer number of generations within the African Great Lakes region, albeit with considerable migration involving exchange of genes between some sub-populations, part of which is still going on today.
The sub-populations of Luwero and Mbarara north from Uganda exhibited a lower genetic diversity in terms of MNA per locus. It is also observed that most of the sub-populations showed significant inbreeding within the herds.
Three out of the five Ugandan sub-populations had the least differentiation in terms of their insignificant pairwise F ST estimates, but they all showed a rather large divergence from the sub-population of Mugamba in Burundi. This contrasts with the morphometric analyses of body and horn shapes and sizes, where larger distances were noted between three Ugandan sub-populations and the DR Congo cattle. Moreover, the Mugamba sub-population in Burundi had an equally large genetic differentiation from the DR Congo and Rwandan sub-populations and Busoni sub-population in Burundi as well. It has to be pointed out that the reliability of the dendrogram (Fig. 6) is quite low. However, several observations from the dendrogram are consistent with a 're-assignment', through the Bayesian approach in the structure program, of the DR Congo sub-population from its cluster with the Malagarasi sub-population from Tanzania in the dendrogram (Fig. 6) to the Ugandan sub-populations, with which it has a similar genotypic admixture (Fig. 7) . In the DR Congo, there is another Ankole sub-population belonging to the ''Banyamulenge'' herders (that was not sampled due to logistical limitations). The Banyamulenge sub-population is similar in morphology to the Ugandan Ankole Longhorn cattle. Probable gene flow between this population and the one sampled in the DR Congo might explain the similar structural assignment of the DR Congo cattle (sampled) with the Ugandan sub-populations.
The largest differentiation was present between the Mugamba sub-population in Burundi highlands and the sub-population in Malagarasi valley in Tanzania. Indeed, individuals from the two sub-populations fall into two separate clusters by posterior assignment, according to the structure program (Fig. 7) . This might be explained by the location of the Mugamba sub-population on the rift valley escarpment, which is relatively difficult to access. This and socio-political upheavals prevailing in the country since colonial times could have played a large role in restricting this sub-population to this area.
All five sub-populations of Uganda, along with the north-western Tanzanian sub-population, form a single cluster with a minimum F ST value of 0 between Mbarara south and Luwero sub-populations and a maximum F ST value of 0.023 between the Luwero and Lake Albert sub-populations in the Western Rift Valley, implying that these six sub-populations are genetically closely related. This is confirmed by the Bayesian clustering method in the structure program, albeit with the exclusion of the Kagera sub-population in Tanzania and inclusion of the DR Congo cattle.
The low genetic differentiation between the Ugandan cattle sub-populations observed from the F ST estimates and the results from the structure program can be attributed mainly to the nomadic lifestyle of the herd owners as well as to their traditional and cultural practices. Before administrative sedentarisation resulting from a ranching scheme in 1994, there was relatively unrestricted movement along the Cattle Corridor stretching from the south-western to the north-eastern part of the country.
After sedentarisation, gene flow occurs mainly as a result of cultural exchange of cattle, trade and other traditional practices of the herd owners, as well as of sporadic, semi-nomadic practices dictated by spells of severe periodic drought. Although the Lake Albert and Rukungiri sub-populations are located in the western part of the Rift Valley and highlands within Uganda, respectively, their genetic proximity to Cattle Corridor sub-populations is due to an observable gene flow between these sub-populations, which can be accounted for by past and ongoing cattle trade and socio-cultural exchanges.
The political boundaries separating the otherwise spatially close cattle subpopulations in Tanzania, Uganda and Rwanda might explain the different genetic clustering observed in the results of the structure program. Notably, the north-western Tanzanian sub-population of Kagera comprises an admixture of individuals of similar major assignment as those from the sub-populations of Malagarasi also in Tanzania and that of Mugamba in Burundi.
The structuring and relatedness of the cattle of the sub-populations of Rwanda and that of Busoni in Burundi into a single cluster can be attributed to their spatial proximity. This group also represents a small-to medium-sized type of Ankole Longhorn cattle, often referred to in Rwanda as Inkuku or in Burundi as Inyaruguru (shorter and smaller-horned), which was herded in pre-colonial times by commoners and subjects of the kingdoms. And these are as distinguished from the almost legendary large-sized Ankole Longhorn cattle of the same time referred to as the Inyambu/Enyambu, which belonged mainly to royalty and to the rulers of the same kingdoms.
Morphology, genotype and geography
The genetic relationship results are not in accordance with findings from the phenotypic, morphometric and spatial analyses, as shown by the results from Mantel tests presented in Table III . This can largely be attributed to the location of the microsatellites used in this study at selectively neutral loci. However, there is a correlation between all morphometric distances of shape and size with spatial distances, partly explained by the production environments and selection criteria as discussed above.
CONCLUSION
The 11 Ankole Longhorn cattle sub-populations can be considered to consist of four main groups with slight genetic distinctions. All analyses, morphometric, genetic and geographic, consistently show that the smallest distances are between the central Ugandan sub-populations of Mbarara north, Mbarara south and Luwero, indicating that these three sub-populations are homogenous and form a single genetic entity quite close to the sub-populations of the Lake Albert area and Rukungiri, also in Uganda, as well as the cattle from DR Congo. The latter sub-populations are structurally different from Kagera cattle in Tanzania in that they are comprised mainly of individuals of similar structure as those from the sub-populations of Malagarasi, also in Tanzania, and that of Mugamba in Burundi. The Busoni sub-population in Burundi and the Rwandan cattle form a separate cluster. The fourth structure was less overt throughout all analyses, but was revealed by the model-based Bayesian method in structure. It consists mainly of cattle from the Malagarasi river valley and, to a lesser extent, contains individuals of an admixture of the Ugandan and DR Congo sub-populations.
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